Abstract Purpose: Bevacizumab is an antibody against vascular endothelial growth factor; sunitinib is an inhibitor of vascular endothelial growth factor and related receptors. The safety and maximum tolerated dose of sunitinib plus bevacizumab was assessed in this phase I trial. Experimental Design: Patients with advanced solid tumors were treated on a 3+3 trial design. Patients received sunitinib daily (starting dose level, 25 mg) for 4 weeks on followed by 2 weeks off and bevacizumab (starting dose level, 5 mg/kg) on days 1, 15, and 29 of a 42-day cycle. Dose-limiting toxicities during the first 6-week cycle were used to determine the maximum tolerated dose.
Vascular endothelial growth factor (VEGF) is a potent proangiogenic protein which is up-regulated in many solid tumors (1) . Inhibition of VEGF, either via antibody-mediated VEGF binding or small molecule inhibition of the VEGF receptor (VEGF-R) family, has shown clinically-relevant benefits across solid tumors (2) (3) (4) (5) (6) . Despite these advances, not all patients respond, complete responses are rare, and eventual tumor resistance to VEGF-targeted therapy is nearly universal. Maximal inhibition of the VEGF pathway through a combination of VEGF-targeting agents with different mechanisms may allow for an enhanced antitumor effect.
Sunitinib (Sutent, Pfizer, Inc.) is a small molecule tyrosine kinase inhibitor of a family of receptors including VEGF-R. Phase II and III trials have shown significant antitumor activity of sunitinib as a single agent in metastatic renal cell carcinoma (RCC) and imatinib-refractory gastrointestinal stromal tumors (5, (7) (8) (9) Common sunitinib toxicity includes fatigue, hand-foot syndrome, diarrhea, hypertension, and hypothyroidism (10) .
An alternative approach to VEGF blockade involves bevacizumab (Avastin, Genentech), a monoclonal antibody that binds and neutralizes circulating VEGF protein (11) . Bevacizumab has shown antitumor activity both as monotherapy and in combination with IFN in metastatic RCC (3, 12, 13) . Bevacizumab has also shown significant clinical benefit in combination with chemotherapy in metastatic colorectal, lung, and breast cancer (4, 6, 14) . Common bevacizumab toxicity includes hypertension and proteinuria.
Additive or synergistic VEGF blockade may be achieved through simultaneous targeting of the VEGF pathway. Bevacizumab leads to rapid clearance of circulating VEGF, but is not known to affect VEGF bound to receptor, as the epitope on VEGF recognized by bevacizumab is in the VEGF-R binding region. Furthermore, other proangiogenic molecules may contribute to the angiogenic phenotype of solid tumors and require inhibition. Despite of the inhibition of the VEGF-R, sunitinib leads to a compensatory plasma VEGF increase and may leave tumors exposed to VEGF effects during the 2-week off period of each cycle (15) . It is possible that a more maximal, constant, and effective VEGF blockade will be achieved with therapeutics directed against both the VEGF ligand and receptor, resulting in an enhanced antitumor effect.
Materials and Methods
Patients. The study population consisted of patients ages ≥18 y with a histologically proven solid tumor malignancy not amenable to curative therapy. Patients were required to have a Karnofsky performance status of ≥60% and adequate bone marrow, hepatic and renal function (as defined by granulocytes of ≥1,500/μL, hemoglobin of ≥10.0 g/dL, platelet count of ≥100,000/L, aspartate aminotransferase/ alanine aminotransferase of ≤2.5 × upper limit of normal, serum bilirubin of ≤1.5 × upper limit of normal, urine protein creatinine ratio as determined by urinalysis of <0.5 (for urine protein creatinine ratio of >0.5, 24-h urine protein must have been <1 gram), and serum creatinine of ≤1.5 × upper limit of normal).
Patients with prior sunitinib or bevacizumab therapy were ineligible; there was no limit on the number of other prior systemic therapy regimens provided resolution of all acute toxic effects of prior (≥4 wk) systemic therapy, radiotherapy, or surgical toxicity to National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events version 3.0 grade of ≤1. Patients with the following conditions were also excluded: squamous cell histology or any histology in close proximity to a major blood vessel, major surgical procedure, open biopsy or significant traumatic injury within 28 d; need for major surgical procedures during the study or biopsy within 7 d; evidence of bleeding diathesis or coagulopathy; history of or known brain metastases, spinal cord compression, carcinomatous meningitis, hypertension that could not be controlled by medications to <140/90 mmHg; a history of abdominal fistula, gastrointestinal perforation, or intra-abdominal abscess within the previous 28 d; serious, nonhealing wound, ulcer, or bone fracture; known hypersensitivity of Chinese hamster ovary cell products; or other recombinant human antibodies or known HIV or acquired immunodeficiency syndrome-related illness. Patients with any of the following within the 12 mo before study were excluded: myocardial infarction, severe/unstable angina, severe peripheral vascular disease (claudication) or peripheral vasculature surgery, coronary/ peripheral artery bypass graft, New York Heart Association grade II or greater congestive heart failure, cerebrovascular event, clinically significant bleeding, deep venous thrombosis, or pulmonary embolism. Ongoing cardiac dysrhythmias of NCI Common Terminology Criteria for Adverse Events grade of ≥2, atrial fibrillation of any grade, or prolongation of the QTc interval to >450 ms (males) or >470 ms (females), in addition to any history of ventricular arrhythmia, were excluded. Patients on full-dose anticoagulants were not eligible; however, patients receiving low-dose anticoagulation therapy were eligible. 
Translational Relevance
This phase I study examined the safety and clinical effect of combination therapy against the vascular endothelial growth factor (VEGF) pathway. Sunitinib, a VEGF-R inhibitor, and bevacizumab, a VEGF ligand inhibitor, were combined in patients with a variety of advanced solid tumor malignancies. The combination of these drugs was able to be given at the highest dose levels tested, although with notable toxicities with prolonged therapy. Significant antitumor activity was observed, notably in tumors usually refractory with standard chemotherapy. Thus, combined VEGF pathway inhibition is feasible, and may be a strategy to overcome therapy resistance in select solid tumors. monitoring was instituted as of January 2008 for the 10 patients on study at that time and 7 patients enrolled after this date to include the following: hematopathologist review of the peripheral blood smear, reticulocyte count, haptoglobin, and direct bilirubin drawn at the time of other laboratory analyses. The initial dose level was arbitrarily chosen to be 50% of standard doses: 25 mg of sunitinib and 5 mg/kg of bevacizumab. Cohorts of three to six patients received therapy at each dose level based on the occurrence of dose-limiting toxicities (DLT). Adverse events were graded according to the NCI Common Terminology Criteria for Adverse Events version 3.0. DLTs were defined as any of the following that occurred within the first 42 d of treatment and were attributable to therapy: any grade 4 toxicity (except lymphopenia or increased uric acid), any grade 3 cardiac event (except hypertension), or grade 3 venous thrombosis; hypertension unable to be controlled to <160/90 mmHg within 4 wk by oral medications; any grade arterial thromboembolic event; any grade 3 noncardiac toxicity that did not resolve to grade ≤1 within 6 wk (except proteinuria, lymphopenia, hypophosphatemia, and asymptomatic hyperamylasemia/hyperlipasemia); or proteinuria of >3.5 gm/24 h.
The protocol stipulated expansion of the maximum tolerated dose (MTD) dose level to a total of at least 12 patients. After further discussion with Cancer Therapy Evaluation Program during the course of the trial, dose level of 2.5 (50 mg of sunitinib and 5 mg/kg of bevacizumab) was added to accrue 12 patients to expand the safety experience with this regimen.
Patients experiencing a DLT had all therapy held until toxicity resolved to grade 1 or less. For grade 3 or more toxicity outside the DLT evaluation period, sunitinib and/or bevacizumab were held per established guidelines for each agent, and reinstated upon resolution of toxicity to grade 1 or less. Dose reduction of sunitinib was permitted for subsequent cycles depending on the severity of toxicity. Bevacizumab was not dose-reduced, but subsequent doses could be held for toxicity. If toxicity required discontinuation of one drug (e.g., hand-foot syndrome due to sunitinib), the other drug could be continued as monotherapy at physician discretion. There was no intrapatient dose-escalation. 
Overall worst 2 G2 5 G3 3 G3 1 G2 1 G2 Grade toxicity 1 G3 2 G4 8 G3 9 G3 3 G4 2 G4
Response and progression were assessed according to the Response Evaluation Criteria in Solid Tumors criteria (17) and were determined by investigator assessment of radiographs done at baseline and every 12 wk.
Statistical design and data analysis. The primary goal of this study was to determine the MTD of bevacizumab plus sunitinib using a standard 3+3 design. Two or more patients in a given cohort experiencing a DLT would exceed the MTD, whereas 0 or 1 patient with a DLT would define the MTD of this regimen. With this design, there was a >71% chance of escalating the combination if the underlying risk of DLT was <20% and a >91% chance of escalation if the underlying risk was <10%. In contrast, there was at most a 17% chance of escalation if the underlying DLT risk was >50% and <8% chance if the risk was >60%.
Results

Patients. Between August 2006 and March 2008, 38
patients with advanced malignancies were enrolled on this study, with more than two thirds of patients having received at least one prior systemic treatment regimen (Table 1) .
Treatment administration. Patients received a median of three cycles of treatment (range, 1-17 + ; Table 2 ). A total of 47% of patients received at least four cycles of therapy, including 13 of the 25 patients (52%) treated at the two highest dose levels. In general, escalated dose levels produced more toxicity and required more dose modifications. Thirty-five patients (92%) have discontinued treatment primarily for disease progression (19 patients; 50%) and either protocol-defined toxicity or patient withdrawal of consent due to adverse events not meeting criteria for study removal (16 patients; 42%).
Safety and MTD determination. There was one DLT (grade 4 headache and hypertension) at dose level of 37.5 mg sunitinib and 5 mg/kg bevacizumab. This patient had a diagnosis of carcinoid syndrome and baseline hypertension requiring two antihypertensive medications, but did not have prior hypertensive episodes. Increasing systolic blood pressure was noted on day 3 of treatment and metoprolol dose was increased. Four days later, the patient reported severe headache with a 236/96 mmHg blood pressure and emesis. Brain imaging was negative and sunitinib was held. The patient was admitted the following day with change in mental status, blood pressure of 226/100 mmHg, and was started on nitroprusside. Blood pressure normalized, symptoms resolved in ∼2 days, and the patient was discharged on four antihypertensive medicines and removed from study. This cohort was expanded to seven total patients (six additional patients were enrolled as the second patient in this cohort came off study for disease progression before the end of the first cycle) without occurrence of another DLT. No other protocol-defined DLT was observed at any dose level. Thus, the protocoldefined MTD was 50 mg sunitinib 4 weeks on 2 week off in combination with 10 mg/kg of bevacizumab every 2 weeks. As noted above, however, patients treated at the higher dose levels experienced more toxicity such as hypertension, fatigue, and cytopenias, and often required dose reduction or delay with continued therapy (Tables 2 and 3) .
Other notable severe toxicity included anal fissure development in one patient (dose level 2.5, adrenocortical cancer), and anal fistula in two patients (1 at dose level 2.5, adrenocortical cancer; 1 at dose level 3, melanoma). The patient with anal fissure did not have known underlying bowel pathology, was diagnosed at end of cycle 2, and managed conservatively with dose modification. The first patient with anal fistula at end of cycle 3 subsequently underwent surgical repair. Both of these patients continued on therapy with slow resolution before coming off study for progressive disease. The second patient with anal fistula had tumor necrosis in a rectal wall tumor felt to be responsible for the fistula at end of cycle 4. The patient came off study and underwent successful surgical repair. No other cases of bowel perforation were observed. Most patients (87%) experienced at least one toxicity that was grade 3 or higher (Table 3 ). The most commonly reported adverse event (all grades) was fatigue, which occurred in 84% of patients. Other treatment-related adverse events included thrombocytopenia (74%), nausea and vomiting (66%), elevated aspartate aminotransferase/alanine aminotransferase (61%), hypertension (59%), leukopenia (58%), mucositis (55%), and anemia (55%).
No clinical or laboratory evidence of microangiopathic hemolytic anemia was observed. No schistocytes were observed on any peripheral blood smear, nor did any patient have evidence of hemolysis such as a decreased haptoglobin, elevated reticulocyte count or elevated indirect bilirubin.
Efficacy. Seven of the 38 patients treated had a confirmed Response Evaluation Criteria in Solid Tumors-defined partial response (18%; 95% confidence interval, 8-34%). Two additional patients achieved an unconfirmed Response Evaluation Criteria in Solid Tumors-defined partial response. The confirmed responses occurred across all dose levels except dose level 0. Antitumor effect was observed in RCC and notably in advanced solid tumors typically refractory to traditional chemotherapy including cisplatin-resistant transitional cell carcinoma of the bladder, melanoma, thyroid cancer, and adrenocortical carcinoma. The responses have lasted 2.9+ to 13.7+ months (three patients with progressive disease and four with an ongoing partial response). Figure 1 depicts the maximum tumor shrinkage after the start of therapy for all patients with at least one postbaseline radiograph (n = 32), according to dose level (Fig. 1A) , sunitinib dose (Fig. 1B) , and bevacizumab dose (Fig. 1C) . Radiographic changes consistent with tumor necrosis without reduction in tumor size, as has been observed with VEGF-targeted agents in RCC previously, were also observed in the present study (Fig. 2) . Overall, the median change in tumor burden was an 11.8% decrease (range, 73% decrease to 61% increase). Nineteen of the 32 patients with a postbaseline scan (59%) had at least some reduction in overall tumor burden (median 32%, range 3-73%).
Discussion
VEGF engagement of its cognate receptor represents the most potent pathway promoting tumor-associated angiogenesis. As such, blockade of various elements of this pathway has emerged as a therapeutic force in solid tumor oncology. Bevacizumab and sunitinib, VEGF ligand, and receptor inhibitors, respectively, are among the most clinically developed agents that inhibit this pathway, and each has shown robust clinical activity. Based on the hypothesis that these agents could be safely combined, a phase I study was undertaken. Only one protocol-defined DLT was observed, and the agents were tolerated up to the highest dose level tested, with several patients tolerating therapy over multiple cycles. Importantly, however, dose reductions and interruptions of both agents were often required with continued therapy, especially at higher dose levels. These observations highlight the severe limitation of MTD determination based on one cycle of therapy, given the need for dose modification with continued therapy that impacts the overall tolerability of a given regimen. In contrast to a previous phase I trial of this combination (16) , no evidence of a microangiopathic hemolytic anemia was observed in any patients at any dose level.
The MTD defined in this study was 50 mg sunitinib and 10 mg/kg bevacizumab. The optimal dose and schedule of this combination, however, remains to be defined. It is possible that bevacizumab, which binds and neutralizes VEGF at doses as low as 0.3 mg/kg and with a half-life of up to 21 days (18) could be given at reduced doses or less frequently. Similarly, several patients in the current study achieved an objective response at doses of sunitinib lower than 50 mg. It is highly likely that individual tumor types as well as patient-related factors will impact the optimal dose and schedule of this combination. It must also be recognized that tumor types with significant single agent effect to each of these drugs such as RCC may more optimally be treated with sequential monotherapy. Thus, further phase I and phase II testing will be required in each tumor type to fully define the optimal dose/schedule and assess the safety and efficacy profile of this combination.
This study is notable for lack of thrombotic microangiopathy (TMA), which has been reported in metastatic RCC patients receiving this combination on a separate phase I study (16) . Intensive monitoring for evidence of TMA was instituted in the present trial when this safety signal emerged. No laboratory or clinical evidence of TMA was observed in any patent, including the six RCC patients [median, 8 cycles of therapy (range, 2-13)], all of whom had undergone nephrectomy, and patients treated at the highest dose levels up to 20 months of treatment. The reason for this apparent discrepancy is not clear. The understanding of TMA in relation to VEGF blockade is emerging. VEGF gene deletion in a murine model lead to glomerular fibrin deposits and intracapillary thrombi (19) . Schistocytes were also observed in the peripheral blood in a subset of patients described in this report, but platelet counts were normal. Notably, hypertension occurred after glomerular damage, and thus, the inciting event was VEGF depletion in the glomerulus. Furthermore, human patients receiving single agent bevacizumab or sunitinib have shown findings of renal TMA on biopsy, and sometimes, but not always, showed evidence of TMA in the peripheral blood (19) (20) (21) . It can be hypothesized that more complete VEGF blockade with combination therapy may lead to more severe renal TMA, and further to more widespread endothelial damage creating a thrombogenic endothelium. The presence of a single kidney may accelerate this process and in part explain TMA observed in the separate study that enrolled only RCC patients who had undergone prior nephrectomy (16) . TMA was also not reported in two phase I trials of bevacizumab plus sorafenib, also a VEGF-R inhibitor, albeit with lower than full doses of each agent due to other toxicity (22, 23) . Further elucidation of the biology of TMA in relation to VEGF blockade and specific predisposing factors including underlying disease is necessary.
This study has several limitations. No pharmacokinetic or pharmacodynamic parameters were measured given distinct drug clearance mechanisms of an antibody and a tyrosine kinase inhibitor. As such, determination of the optimal biological dose for VEGF pathway inhibition, potentially at lower than maximal doses to reduce acute and chronic toxicity, is not possible. Although a phase I study of the combination of bevacizumab plus sorafenib did not show altered pharmacokinetics compared with single agent therapy, data specific to the present combination is not available (22, 23) .
In conclusion, the combination of sunitinib and bevacizumab is feasible, with notable toxicities with prolonged therapy and higher doses. Significant antitumor activity was observed across several solid tumors. Further clinical investigation of this combination in select solid tumors (especially in tumors with limited response to single agent VEGF-targeted therapy) is warranted.
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